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(57) Abstract 

A cardiopulmonary monitoring system (100) transmits and receives optical signals to and from the interior of a blood ves- 
sel via a fiberoptic catheter (10). The signals may be processed to obtain a measurement of the blood oxygenation saturation level 
of the blood within the blood vessel. The cardiopuhnonary monitoring system includes a detector which detects optical signals. A 
detector (402) provides an electrical output signal which has an amplitude that is proportional to the intensity of the detected opti- 
cal signal transmitted from the blood vessel. The monitoring system (100) further comprises a signal processing device (420), 
which includes means for comparing the amplitude of the output signal with a threshold amplitude value, monitoring the fre- 
quency with which the output signal exceeds the threshold value during a selected interval of time, and generating a first signal 
quality indicator value based upon the monitored frequency. The monitoring device (100) also monitors the magnitude variations 
in the output signal due to pulsatile blood flow through the blood vessel and generates a second quality indicator value in re- 
sponse thereto. The monitoring device (100) also monitors the amplitude of the output signal and generates a thiid signal quality 
indicator value in response thereto. The three indicator values are then compared, and the highest one is selected to be output as a 
quality display value. The output quality display value is indicative of the reliability of the blood oxygenation saturation level 
reading output by the monitoring system. 
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CARDIOPDIMONARY MONITORING SYSTEM WITH 
INTEGRATED BLOOD OXYGENATION SIGNAL QUALITY INDICATOR 

t 

Field of the Invention 
5 The present invention is related to fiberoptic cardiac 

catheters. 

Bagkqrpynd pf th? Invgntipn 
Fiberoptic cardiac catheters are well known in devices 
which neasure the oxygenation of the blood between the 

10 heart and the lungs. Typically, light in two or three 
distinct wavelengths is introduced into the bloodstream by 
means of transmitting fiberoptic lines. The light signals, 
(generally in the red and infrared color bands) , are 
reflected and refracted by the blood so that a portion of 

15 the light signals are received by sensing fiberoptic lines 
which are also within the cardiac catheter. The 
oxygenation of the blood may then be determined from the 
information obtained from the received signals. 

In simplified terms, the oxygenation of the blood is 

20 measured by determining the color of the blood using the 
fiberoptic catheter. As described in U.S. Patent Nos. 
4,641,658 and 4,651,741, the oxygenation of the blood may 
be determined using the information obtained from the 
backscattering of red (R) and infrared (IR) signals. 

25 Because the amplitude of both the R signal and the IR 
signal is affected by, among other things, artifacts such 
as clots and flow patterns, the oxygenation of the blood 
has traditionally been measured by generating an I^IR 
signal in which the artifacts cancel out. The oxygenation 

30 percentage is a known function of the R/IR ratio, and the 
oxygenation percentage can thus be measured. U.S. Patent 
Nos. 4,641,658 and 4,651,741 are herein incorporated by 
reference. 

As the blood under test flows about the catheter tip, 
35 the amplitude of the backscattered radiation (most notably 
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the IR radiation) fluctuates as an AC signal in 
synchronization with the patient's heartbeat. It is 
believed that this is due, in part, to the turbulence 
created by eddy currents about the catheter tip as blood 
5 flows past the catheter. Generally, turbulent blood 
scatters more light than stationary blood, so that, as the 
blood alternately flows and rests with the heart's ptmping 
action, the ainplitude of the received IR signal varies 
accordingly. The pulsatile fluctuations of the IR signal 

10 typically exhibit sinusoidal characteristics and are 
generally smooth with gradual changes in ainplitude. In 
many instances, however, the ainplitude of the received IR 
signal exhibits spiking characteristics wherein a sharp 
increase in ainplitude occurs at each heartbeat. This is 

15 often the case when the catheter tip is positioned near the 
wall of a blood vessel. When the tip of the catheter 
iaipacts or closely approaches the wall of a blood vessel, 
the increased reflectivity of the vessel wall in comparison 
with the blood itself causes a greater amount of light to 

20 be reflected into the receiving fiberoptic line, thereby 
causing the amplitude of the received signal to sharply 
increase. Since the vessel wall exhibits reflective 
characteristics which are not necessarily related to blood 
oxygen saturation, these substantial fluctuations resulting 

25 in greatest part from the reflectance of the vessel wall 
can introduce inaccuracies into the measurement of blood 
oxygen. 

Various techniques have been used for reducing or 
eliminating these stibstantial fluctuations. In one system, 

30 the catheter tip is enclosed in a cage-type structure to 
prevent the tip of the catheter from impacting the vessel 
wall. While the cage structure may effectively separate 
the catheter tip from the vessel wall, the structure also 
greatly increases the tendency for deposits to form on the 

35 catheter tip, an undesirable result. In another system, a 
signal filter removes data above a predetermined threshold 
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amplitude in an attempt to eliminate any erroneous data. 
This approach may be effective as long as the artifact is 
not too severe, or does not last too long. However, if a 
large portion of the signal readings have to be filtered, 
5 there nay not be enough good readings to maintain tracking 
of oxygenation saturation levels. 

Some techniques include displaying the IR signal 
intensity, which requires the user to interpret the display 
as to whether or not it is normal, and separate on/off 
10 alerts for each condition detected. The user, however, has 
no direct interest in the particular characteristics of the 
signals that are detected. Instead, the user is concerned 
with whether or not the blood oxygenation reading is 
reliable. 

15 Summary of the Invention 

The present invention is a cardiopulmonary monitoring 
system which is connected to a fiberoptic cardiac catheter. 
The system transmits and receives optical signals to and 
from the interior of a blood vessel via the fiberoptic 

20 catheter. The cardiopulmonary monitoring system comprises 
a detector for detecting an optical signal transmitted from 
the blood vessel and for generating an output signal in 
response thereto. The monitoring system further comprises 
a signal processing device. The signal processing device 

25 includes a first signal processing means for comparing the 
amplitude of the output signal with a threshold amplitude 
value, monitoring the frequency with which the output 
signal exceeds the threshold value during a selected 
interval of time, and generating a first indicator based 

30 upon the monitored frequency. 

In a preferred embodiment, the system includes second 
and^ third processing means for generating second and ;:nird 
indicators respectively. The system further includes means 
for sensing the first, second and third indicators and 

35 generating a quality display signal in response thereto. 
In a particularly preferred embodiment, the second 
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processing neans aonitors the magnitude variations in the 
output signal due to pulsatile blood flow through the blood 
vessel, and the third processing means monitors the 
amplitude of the output signal. 
5 Another aspect of the present invention encompasses a 

cardiopulmonary monitoring system which comprises a 
detector for detecting an optical signal transmitted from 
the blood vessel and generating an output signal having a 
waveform in response to the optical signal. The monitoring 
10 system comprises a means for recursively generating a 
variable indicative a waveform characteristic, such as 
spikes in the waveform, and a means for generating an 
indicator based upon the variable. 

The present invention further encompasses a method for 
15 monitoring an optical signal from a cardiopulmonary 
catheter comprising the steps of: 1) detecting the optical 
signal and generating a waveform in response thereto, 2} 
monitoring the spikes in the waveform during a second 
interval, and 3) utilizing the results of steps I) and 2) 
20 to generate an indicator. 

Byjef Deseripi^ion of the Drawings 
Figure l is a plan view of a fiberoptic cardiac 
catheter used in accordance with the present invention. 

Figure 2 is a cross-sectional view of a section of 
25 tube of the catheter shown in figure 1. 

Figure 3 is a front view of the cardiopulmonary 
monitoring apparatus of the present invention which shows 
the details of the display panel. 

Figure 4 is a simplified block diagram which shows the 
30 processing circuitry used within the cardiopulmonary 
monitoring system shown in Figure 3. 

Figure 5 is a flowchart which shows the overall 
method of processing cardiopulmonary data in accordance 
with the present invention. 
35 Figure 6 is a flowchart which details the method used 

in accordance with the data acquisition and filtering 



wo 92/1 1803 



PCT/US92/00298 



sxibroutine block of Figure 5. 

Figure 7 is a flowchart which details the method used 
in accordance with the update quality display signal 
subroutine block of Figure 5. 

5 PPtailgfl deggriptign Qt th? Prgfgmd Embgdiment 

Figures 1 and 2 show a side view and a cross-sectional 
view respectively of a fiberoptic cardiac catheter 10 which 
may be used in accordance* with the present invention. The 
catheter 10 includes an elongated catheter tube 14 having 

10 an inflation lumen 16, a distal lumen 18, a thermistor 
vires lumen 20, an injectate lumen 22, an RV port infusion 
lumen 24, and a fiberoptic lumen 26. A distal lumen tiibe 
30, having a distal lumen hub 32 attached thereto, is fused 
to the tube 14 within the distal lumen 18. In a like 

15 manner, an inflation lumen tube 34 with an inflation valve 
36, an injectate lumen tube 38 with an injectate hub 40, 
and an RV port infusion tube 42 with an RV port infusion 
connector 44, are all fused to the tube 14 within the 
inflation lumen 16, the injectate lumen 22, and the RV port 

20 infusion limen 24 respectively. Thermistor wires (not 
shown) within a thermistor tube 48 having a thermistor 
connector 50 attached thereto, extend through the tube 14 
within the thermistor wires lumen 20. Fiberoptic lines 
extend from a fiberoptic oximetry connector 55 within a 

25 tube 57. The tube 57 is also fused to the catheter tube 14 
so that the fiberoptic lines extend along the length of the 
catheter tube 14 within the fiberoptic lumen 26. 

The catheter tube 14 may be extruded from a suitable 
biocompatible plastic material. The tube 14 is 

30 advantageously flexible and sized to be received within a 
blood vessel. The tube 14 has a proximal end situated 
within a flexible jacket 60, and a distal end 62 to which a 
balloon 65 is connected. The inflation Itimen 16 terminates 
within the balloon 65 so that the balloon 65 may be 

35 inflated using the inflation lumen 16* In one preferred 
embodiment, the catheter 10 is a Swan-Ganz ^ oximetry 
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catheter, model 93A-780H-7,5F. 

The fiberoptic lines within the lumen 26 may be single 
or multi-mode fiberoptic cables and are advantageously 
constructed to transmit light in the red and infrared 
5 frequency spectrum. At the distal end of the tube 14, the 
fiberoptic lines are exposed so that light may be radiated 
into, and received from, the bloodstream when the catheter 
10 is inserted into a blood vessel. At the opposite end, 
the fiberoptic lines are optically connected to the 

10 fiberoptic oximetry connector 55. The connector 55 may be 
hooked up to a monitoring device 100 (Fig. 3} . 

The monitoring device 100 is capable of generating 
optical signals in the appropriate wavelengths (e.g., 660nm 
and BlOnm) for transmitting along the fiberoptic lines. 

15 The monitoring device 100 is also capable of receiving and 
processing optical signals, so that the backscattered 
optical signals sensed by the receiving fiberoptic lines 
may be monitored and measured by the device 100. The 
monitoring device 100 advantageously includes an output 

20 display for presenting significant information to a user. 
Such information may include a blood oxygenation 
saturation reading in numerical 105 and graphical form 107, 
an alarm signal 110 to indicate conditions which may be 
dangerous for a patient, and a quality display signal 120, 

25 which indicates the reliability of the current blood 
oxygenation reading. 

Figure 4 is a simplified block diagram which shows the 
general circuitry 400 used within the device 100 to process 
the incoming optical signals, and to output information to 

30 the display of the monitoring device 100. The circuitry 
400 includes an electro-optical coupler 402 for receiving 
optical R and IR signals, and outputting corresponding 
analog electrical signals which have an amplitude that is 
proportional to the amplitude of the optical signals. The 

35 analog electrical signals are then transmitted to a gate 
array 410, which provides all required timing and control 



wo 92/1 1803 



PCr/US92/00298 



6i9nal8 to the analog circuitry, and serves to convert the 
analog signals to digital signals at a rate of one sample 
per millisecond. The gate array 410 may pass the data in 
either a data mode or an offset mode. The gate array 410 
5 is set in the offset mode when it is desired to calculate 
offset values, used to correct for system offsets, at each 
gain level. During normal operation of the monitoring 
system 100, the gate array 410 is set to the data mode, and 
basically acts as an A/D convertor which averages 50 input 

10 data samples at a rate of one sample per millisecond and 
outputs a two-byte digital value every 50 ms. These 
digital signals are then transmitted to a microprocessor 
420. The microprocessor 420 performs most of the signal 
processing and calculates output values which are sent to a 

15 display driver 430, which in turn drives a display output 
435. The microprocessor 420 also has access to a read only 
memory (ROM) 450 and a random access memory 455. 

Figure 5 is a flowchart which shows the overall method 
of processing the data obtained from the light 

20 backscattered from blood within a blood vessel. The method 
begins in a block 500 and control is transferred to an 
activity block 510, wherein the monitoring system 100 is 
initialized and self tests are performed. Such tests 
include power-up, offset determination of the R and IR 

25 signals at each gain level, initiation of a watchdog- timer, 
and initiation of run-tine diagnostics. Once the 
monitoring system has been initialized and the watchdog- 
timer and run-time diagnostics are running, control passes 
to a subroutine block 520, wherein the data from the 

30 receiving fiberoptic line is acquired and filtered. 

Basically, within the subroutine block 520, the 
optical data is converted into electrical signals by the 
optical coupler 402. These signals are then converted into 
digital signals via the gate array 410. The gate array 410 

35 then outputs these signals to the microprocessor 420 
wherein the digitized signals are filtered and averaged. 
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- 8 - 

Initially, a baseline value and a threshold value are 
calculated, and those digital signals which are in excess 
of the calculated threshold value are clipped, so that 
they are equal to the threshold value. That is, the values 
5 which exceed the threshold value are assigned the value of 
the threshold, while those values which are not in excess 
of the threshold value remain unchanged. These values are 
then transmitted to a series of filters and averagers to 
provide values appropriate for calculating the blood 

10 oxygenation saturation level, as well as the blood flow 
rate. The subroutine block 520 will be described in 
greater detail in reference to Figure 6 below. 

Once the data has been acquired and filtered in the 
subroutine block 520, control passes to an activity block 

15 530, wherein the cardiopulmonary monitoring system 100 is 
calibrated and updated. The monitoring system 100 may be 
calibrated in two ways: in vitro, or in vivo. This 
calibration and update technique is described in detail in 
U.S. Patent No. 4, 651, 741. Once calibration has occurred in 

20 the activity block 530, control passes to an activity block 
540. 

In the activity block 540, the value of the blood 
oxygenation saturation level is calculated and displayed. 
The blood oxygenation saturation level, S, may be 
25 calculated as: 

S = AX2 - BX + C - D/X (1) 

Where A,' B, C, and D are constants determined by the design 
30 of the catheter 10, and X is calculated as: 

X « (IROUT/REDOUT) *M - Z (2) 

where M and Z are constants determined at calibration, and 
35 R and IR are the amplitudes of the filtered red and 
infrared digital signals respectively. The value of the 
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blood oxygenation saturation level, S, is then output to 
the niunerical display 105 and the graphical display 107 
(Fig. 3). 

Once the value of the blood oxygenation saturation 
5 level has been out put to the displays 105, 107, control 
passes to an activity block 550, wherein any alarm 
conditions are checked. Such alarm conditions include a 
high/low saturation alarm, a saturation "out-of -range »• 
alert, and a light "out-of -range" alert. The high/low 

10 saturation alarm indicates that the blood oxygenation 
saturation level of the patient has exceeded or dipped 
below certain operator determined safety levels. The 
saturation "out-of-range" alert is activated when the value 
of X is above or below certain predetermined values (e.g., 

15 0.54 and 2.57 in one embodiment). Finally, the light 
••out-of-range" alert is activated when the R or IR signal 
is either overscale, or too small to depend upon an 
adequate signal-to-noise ratio. For example, overscale may 
occur when the amplitude of one of the received light 

20 signals needs to be brought dovm to a lower gain, but the 
gain scale is already on the lowest level. The low-light 
alert is activated when the mean digital value of either 
the R or IR signals over a period of two seconds is below a 
certain digital value, and the gain scale is set to the 

25 highest level. If any of the alarm conditions has been 
activated, a flag is set to indicate which alarm has been 
activated. Control then passes to a decision block 555 
wherein a test is performed to determine if any of the 
alarms have been activated. If so, then control passes to 

30 an activity block 560, wherein the appropriate alarm 
display is activated, and control is then passed to a 
subroutine block 570. 

If no alarms have been activated, then control passes 
directly from the decision block 555 to the subroutine 

35 block 570, wherein a quality display signal is updated. 
The quality display signal indicates the reliability of the 
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blood oxygenation saturation level readings output by the 
monitoring system 100. In a preferred embodiment, the 
quality display signal assumes values from one to four, 
wherein each value is indicative of the quality of the 
5 saturation reading. A quality display signal value of "1" 
indicates that the blood oxygenation saturation level 
readings are normal, and have an accuracy of +/- 2%. A 
value of "2" indicates that the saturation readings are 
moderately degraded, and that the user may wish to adjust 

10 the catheter 10 or monitoring system 100 to obtain more 
accurate readings. A value of "3« indicates that the 
saturation readings are significantly degraded and the 
probability of significant errors is increasing. At a 
value of "2" corrective action is suggested. A value of 

15 "4" indicates that the saturation readings are very 
significantly degraded, and should not be relied upon. 
Hhen the quality display signal is at level "A," corrective 
action is strongly recommended. The quality display signal 
is produced by selecting the highest of three indicator 

20 values, wherein each indicator value assumes a value of one 
to four. In one embodiment, these three indicators are 
functions of 1) the frequency of clipping exhibited by the 
R and IR signals, 2) the calculated rate of blood flow in 
the host vessel, and 3) the shift in intensity of the IR 

25 signal over successive half second intervals. The method 
of updating the quality display signal is described in 
detail with reference to Figure 7 below. Once the quality 
display signal is updated in the subroutine block 570, 
control ' returns to the activity block 540, wherein the 

30 blood oxygenation saturation level is again calculated. 
This process is repeated continuously to provide suitable 
monitoring of the blood oxygenation saturation level while 
the catheter 10 is in place within a patient. 

Figure 6 is a flowchart which details the method of 

35 acquiring and filtering data within the subroutine block 
520. Due to the size of the flowchart, a first portion of 
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the flowchart is shown on a drawing sheet labeled 6A, and a 
second portion of the flowchart is shown on a drawing sheet 
labeled 6B. The method begins in a begin block 600 and 
control passes to a decision block 602 wherein a test is 
5 performed to determine if the gate array 410 is in the 
offset mode. If the gate array is in the offset mode, 
control passes to an activity block 604 wherein the offset 
values of the R and IR signals are calculated at each gain 
range. This is advantageously done by reading in 500 
10 successive input bits and calculating the offset value as: 

OFFSET « lNT(51200*(Nl-l)/(499-N0)) (3) 

Where Nl is the number of digital I's within the 500 bit 

15 sample, and NO is the number of leading and trailing zero's 
(the number of zero's before the first 1 and after the last 
1). The calculated offset value for the R signal is 
designated as OSRED, while the calculated offset value for 
the IR signal is designated as OSIR. In a preferred 

20 embodiment, an automatic gain control AGO having gain level 
values of 1, 4, 16, and 64 is employed which adjusts the 
system gain as a function of the light intensities of the R 
and IR signals. Thus, an offset value is calculated as 
described above for each gain level. Control then passes 

25 to an activity block 606 wherein the offset values for each 
gain level are stored in the RAM 450. Control then returns 
to the decision block 602. Once the gate array is no 
longer in the offset mode, control passes to an activity 
block 610 thereby indicating that the gate array 410 is in 

30 the data mode. 

In the block 610, two*-byte integer values 
(representative of the R and IR signal intensities) 
obtained from the gate array 410 at each 50 ms interval are 
multiplied by a gain value of 64. The full scale value 

35 (that is the maximum allowable value) of the integer values 
is 800 so that, after multiplication, the new full scale 
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value is 51200. These new upscaled integer values are 
assigned to the variables RED and IRED. Once the new 
integer values representing the R and IR signal intensities 
are determined, control passes to an activity block 612. 
5 In the activity block 612, initial maximum threshold 

values are set for both the R and IR signal values. These 
threshold values are used within a clipping subroutine, 
generally designated as a clipper 611, and are updated 
periodically. In the clipper 611, the digital values 

10 representing the intensities of the R and IR signals are 
filtered so that those values which fall above the naximum 
threshold value are assigned the sane value as the 
threshold while those values that are not in excess of the 
threshold value remain unchanged. At the same time, the 

15 values of the thresholds are periodically adjusted in 
response to the average amplitude of the R and IR signals, 
once the initial values are set within the activity block 
612, control passes to an activity block 614, wherein the 
most recent limit values for the R and IR signals are 

20 calculated respectively as: 

LIMRNEW = AVE2R + INT(RED0UT*3/8) (4) 
LIMINEW = AVE2IR + INT(IR0UT*3/8) (5) 

25 

Where the values of AVE2R and AVE2IR, and REDOUT and IROUT 
are feedback values from the output of the processing 
routine. Control then passes to an activity block 616, 
Wherein "a limiting value LIMMIN is calculated for each of 

30 the R and IR signals as a value, LORLOW, times 11/16. The 
value LOWROW is the light out-of-range value (the value 
which indicates that the R or IR signal intensity is too 
low for a given, gain level) which may be determined in 
accordance with system requirements. However, if the gain 

35 scale (i.e., 1, 4, 16, or 64) is at 64, then the value of 
LIMMIN is calculated as L0RL0W*ll/8. Once the limiting 
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value LINHIN has been calculated, control passes to a 
decision block 618, wherein a test is performed to 
determine if the value of LIMRNEW is less than the limit 
value LIMMIN* If so, control passes to an activity block 
5 620, wherein the value of LIMRNEW is set to the value of 
LIMHIN and control then passes to a decision block 622* If 
the value of LIMRNEW is not less than the value of LIMMIN, 
then control passes directly to the decision block 622, 
wherein a test is performed to determine if the value of 

10 UMINEW is less than the value of LIMMIN. If so, control 
passes to an activity block 624, wherein the value of 
LIMINEW is set to the value of LIMMIN, and control then 
passes to a decision block 626. If the value of LIMINEW is 
not less than the value of LIMMIN, then control passes 

15 directly to the decision block 626, wherein a test is 
performed to detexrroine if the number of clipped values (NC) 
over the last 500 ms update period (the time necessary to 
average ten signal values each of the R and IR signals) is 
equal to 0 or 20 (the minimum or maximum values which NC 

20 may assume) • 

If the value of NC is not equal to 0 or 20, then 
control passes to an activity block 628, wherein the new 
threshold values for the R and IR signals are calculated 
as: 

25 

LIMRED « INT[ (3*LIMRED + LIMRNEW)/4] (6) 
UMIR « INT[(3*LIMIR + LIMINEW)/4] (7) 

30 so that, in essence, a weighted average is calculated to 
determine the new threshold as a function of the old 
threshold value and the most recent limit value. If the 
value of NC is equal to zero or 20, this indicates that the 
old threshold values should be radically altered, and 

35 control passes instead to an activity block 630, wherein 
the new R and IR threshold values are directly assigned the 
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values of LIMRNEW and LIMINEW respectively. This 
initialization of the values of LIMRNEW and LIMINEW serves 
to decrease settling tine so that the calculated limits do 
not take a long time to reach their appropriate values 
5 when the monitoring system is first turned on. 

Once the new threshold values have been determined, a 
fresh sample of 20 signal values (10 R and 10 IR) are 
filtered. To accomplish this, control passes to a decision 
block 634 wherein a test is performed to determine if the 

10 digital value corresponding to the signal intensity of the 
R signal, RED, is greater than the newly determined 
threshold LIMRED. If so, then the output of the R clipper, 
which shall be designated as the variable E2RED, is 
assigned the value of the threshold, LIMRED, and NC is 

15 incremented by one in the activity block 636. If the 
value of RED is not greater than the threshold LIMRED, then 
the output E2RED of the R clipper retains the value of the 
input, (i.e., E2RED = RED). In a similar manner, the 
digital value representing the input IR signal is clipped. 

20 Control passes to a decision block 642, wherein a test is 
performed to determine if the value of IRED is greater than 
the value of the threshold LIMIR. If so, then control 
passes to an activity block 646, wherein the output of the 
IR clipper, E2IR is assigned the value of the threshold 

25 LIMIR, and the value of NC is incremented by one. If the 
value of IRED is not greater than the value of LIMIR, then 
control passes instead to an activity block 644, where E2IR 
is assigned the value of the input, IRED. Thus, each of 
the digital values input to the clipper 611 retains its 

30 original value or is assigned a new value that is equal to 
the threshold value. 

Once the values have been clipped, control passes 
from either block 644 or 646 to an activity block 650, 
wherein the digital values output from the clipper are 

35 filtered and averaged. The general procedure followed 
within the filtering and averaging activity blocks may be 
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described in program form as follows: 
DO; 

8UH « 0; 
5 DO I - 1 TO N; 

6 > 6 >F E; 
P - Z1IT(G/K) ; 
SUM > SUM F; 
END; 

10 AVE « ZNT(Sinf/N) ; 

END; 

where N represents the number of values being averaged, E 
is the input variable, G is an intermediate filtering 

15 variable, K is a filt ring constant, F is the filter output 
value, and AVE is the average value output. In the 
filtering and averaging activity block 650, the nxunber of 
samples being averaged is 10 (N « 10) and the value of the 
filtering constant K is 32. Thus, assuming an input value 

20 every 50 ns, an F value is output every 50 ms, an AVE value 
is output every 500 ms (10 * 50 ms) , and the filter time 
constant is 1.6 seconds (32 * 50 ms) . Note that during in 
vitro calibration, the time constant is usually smaller 
(e.g., 400 ms corresponding to K » 8). Therefore, within 

25 the activity block 650, an F2 value is output every 50 ns, 
and an AVE2 value is output every 500 ms for both the R and 
IR signals. 

Once the signals are averaged and filtered in the 
block 6^0, control passes to an activity block 654, wherein 
30 final output values of the R and IR signals are calculated 
by subtracting previously determined offset values, OSRED 
and OSIR, as follows: 



35 



REDOUT - AVE2R - OSRED 
IROUT e AVE2IR - OSIR 



(8) 
(9) 
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Note that the values AVE2R, AVE2IR, REDOUT, and IROUT are 
fed back to the clipper so that they nay be used to 
calculate the new limit values, LIMRNEW and LIMINEW, which 
5 are used to adjust the threshold levels. The values of 
REDOUT and IROUT are also used to calculate the blood 
oxygenation saturation level within the activity block 540 
of Figure 5. Once REDOUT and IROUT are calculated within 
the activity block 654, control then passes to an activity 

10 block 658, wherein the values of REDOUT and IROUT are 
stored within the RAM memory 450. 

Control then passes to an activity block 662, wherein 
a difference signal, E3IR, is generated by subtracting the 
filtered IR value, F2IR. from the value, E2IR, output from 

15 the IR clipper, and taking the absolute value (i.e., E3IR - 
ABS(£2ZR - F2IR)). This difference signal may be used to 
calculate a cardiac flow monitor value, CFM, that is 
indicative of the rate of blood flow past the catheter 10 
within a blood vessel. Note that only the IR signal is 

20 used to indicate the rate of blood flow past the catheter, 
once the difference signal E3IR is calculated, control 
passes to an activity block 668, wherein the signal E3IR, 
which is produced every 50 ms, is filtered and averaged 
according to a similar method described in accordance with 

25 the activity block 650 (i.e., K=32, and N=10) . Thus, an F3 
value is generated every 50 ms, and an AVE3 value is 
generated every 500 ms. Control then passes to an activity 
block 672, wherein an index value E4 is calculated as 
AVE3/IR0UT every 500 ms. The signal E4 is then filtered 

30 and averaged within an activity block 676. 

The filtering done in the activity block 676 is 
slightly different than the filtering described in 
accordance with the activity block 650. In particular, the 
values of N and K are 4 and 16 respectively. Also, since 

35 the incoming data (i.e., E4) is fractional, the program 
steps: 
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G « G + E; 



F » INT(G/K) ; 



(10) 
(11) 



5 in the filtering program described above are replaced with 
a single step: 



10 to allow for fractional values at the output. The value of 
AVE4 which is calculated every 2 seconds is then assigned 
as the CFM value within an activity block 680. Control 
then passes out of the subroutine block 520 and proceeds to 
the calibration and update block 530 as shown in Figure 5. 

15 Figure 7 is a flowchart which details the method used 

in accordance with the update quality display signal 
subroutine 570 of Figure 5. The method initiates in a 
begin block 700 and proceeds to an activity block 710, 
wherein the intensity shift (IS) signal quality indicator 

20 value is determined. This value is determined as a 
function of a baseline level as will be discussed below. 
Once the IS quality indicator is determined in the activity 
block 710, control passes to an activity block 720, wherein 
the cardiac flow monitor (CFM) indicator value is 

25 determined. This value is a function of the CFM index 
value, AVE4. Control then passes to an activity block 730, 
wherein a clipping frequency indicator (CFI) value is 
determined as a function of the last indicator value as 
well as the niamber of clips NC within the last 500 ms 

30 update cycle. Control then passes to an activity block 
740, wherein the highest indicator value of the three 
indicators (i.e., IS, CFM, and CFI) is selected as the 
quality display signal. This signal 120 is displayed as a 
bar graph on the display panel of the monitoring apparatus 

35 100 shown in Figure 3. Recall that each of the three 
indicators assumes a value of l to 4, so that the range of 



F4 ■ F4 + (E4 - F4)/K 



(12) 
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values of the quality display signal is also 1 to 4. 
Control then returns to the activity block 710, and the 
cycle repeats. Note that each indicator value is 
determined at 2 second update cycles so that the quality 
5 display signal is also updated every 2 seconds. A detailed 
account of the procedure for determining the Indicator 
values for the IS, CFM, and CFI signals follows. 

Jw^^ftneitv Shift; 

10 The IS value is based upon the IROUT signal relative 

to a baseline value. The baseline value is obtained or 
updated at each calibration or hematocrit update. To 
obtain the baseline value, a period of approximately 12 
seconds is allowed to pass after the monitoring system 

15 initiates operation. Following this delay period, the next 
16 values (corresponding to 8 seconds) of AVE2IR are 
averaged. This eight second average is then normalized by 
Bultiplying by 64, and dividing by the present gain level 
to determine the baseline value. Note that the monitoring 

20 system includes an automatic gain control (AGC) system to 
retain accuracy over an extended range of light intensities 
transmitted by the fiber optic cardiac catheter 10. In a 
preferred embodiment the four gain levels are 1, 4, 16, and 
64. Thus, if the eight second average is determined to be 

25 a digital value of 12608, and the monitoring system is 
presently operating at a gain level of 16, the baseline 
value would be calculated as (64*12608/16) or 50432. 

Large variations from this calculated baseline are 
indicatrve of large intensity shifts in the IR signal which 

30 may be due to kinks in the fiberoptic lines within the 
catheter 10, so that the level of the SI indicator 
increases as the IROUT signal increases in variation 
relative to the calculated baseline value. In particular, 
the IS level is determined from the percent change from the 

35 baseline and the following limits: 
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LEVEL 1: 0.67 < IROUT/BASE < 1.50 

LEVEL 2: 0.5< IROUT/BASE <0.67, OR 1.5< IROUT/BASE <2.0 
LEVEL 3: 0,4< IROUT/BASE <0.50, OR 2.0< IROUT/B/^E <2.5 
LEVEL 4: IROUT/BASE < 0.40, OR 2.50 < IROUT/BASE 

5 

Thus, if the value of the ratio IROUT/BASE is 0.45, then an 
IS indicator value of 3 will be generated. 

Cardiag Flpv Mpnitpr; 

10 The calculation of the CFH index, AVE4, is described 

in detail with reference to the flowchart of Figure 6. 
within each 2 second display cycle, the CFM indicator level 
is determined by converting the value of AVE4 to percent 
and comparing it to the following limits: 

15 

LEVEL 1: 4.5% TO 15% 

LEVEL 2: 4.0% TO 4.5% OR 15% TO 18% 
LEVEL 3: 3.5% TO 4.0% OR 18% TO 22% 
LEVEL 4: LESS THAN 3.5% OR GREATER THAN 22% 

20 

Thus if the value of AVE4*100 = 12, then the CFM indicator 
will be set to a value of 1. 



Clipping Frequency Indicator: 

25 The CFI value is determined as a function of the 

number of clipped values (NC) in the last 500 ms update 
cycle as well as the last CFI value. At each CFM level, 
local variables Z, UP, and DN are assigned set values. 
Another "local variable W is then calculated as a function 

30 of the last W value, NC and Z. The CFI level is then 
adjusted as a function of the value of W. In a preferred 
embodiment, the CFI level is determined according to the 
following procedure: 

35 Initially, the local variables Z, UP, and DN are set, as a 
function of the last CFI level. 
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IF CFI « 1, THEN Z=6, UP=49, and DN=0; 

IF CFI « 2, THEN 2=10^ UP=104y and DN=11; 

IF CFI •= 3, THEN Z=14, UP=-164, and DN=51; 

IF CFI « 4, THEN Z«18, UP=175, and DN=101; 

The value of the variable W is then calculated as: 



W « Wp + 4*NC - 2 (13) 



Nhere Wp is the value of W for the preceding 500 ns time 
period. Thus, the calculation of the value W is recursive 
in that the prior value of W is used as an input value for 
calculating the current value of W. if the calculated 

15 value of W is less than zero, then W is assigned a value of 
zero. If the calculated value of W exceeds 175, then W is 
assigned a value of 175. This is done to insure that W 
does not fall outside of the acceptable range. If the 
value of W is greater than the current value of UP, then 

20 this indicates that the blood oxygenation saturation level 
reading has become less reliable, and the CFI value is 
incremented by one. However, if the value of W is less 
than the current value of DN, this indicates that the blood 
oxygenation saturation level reading has become more 

25 reliable, and the CFI level is decremented by one. If the 
value of W falls between the current values of UP and DN, 
then the CFI value remains the same. In this memner the 
CFI level may be determined. 

Once the indicator levels have been determined for the 

30 IS, CFM and CFI conditions, the final quality display 
signal is determined as the highest of the three, and 
output as a bar graph display 120 on the display panel of 
the monitoring system 100. Thus, a method and apparatus 
are provided for the monitoring of the reliability of the 

35 blood oxygenation saturation level reading. 

The invention may be embodied in other specific forms 
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without departing from its spirit or essential 
characteristics. The described embodiments are to be 
considered in all respects as illustrative and not 
restrictive. The scope of the invention is, therefore, 
5 indicated by the appended claims rather than by the 
foregoing description. All changes which come within the 
meaning and range of equivalency of the claims are to be 
embraced within their scope. 
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ffffftT* TS CIATMED IS; 

1. A cardiopulmonary monitoring apparatus for 
connection to a catheter having fiber optics which transmit 

5 optical signals to and from the interior of a blood vessel, 
said nonitoring apparatus comprising: 

a detector for detecting an optical signal 
transmitted from said blood vessel and generating an 
output signal in response thereto; and 
10 a signal processing device comprising first 

signal processing means for (i) comparing the 
amplitude of said output signal with a threshold 
amplitude value, (ii) monitoring the frequency with 
which said output signal exceeds the threshold value 
15 during a selected interval of time and 

(iii) generating a first indicator based on said 
frequency. 

2. The apparatus of Claim 1, wherein the value of 
said first indicator for said selected interval of time is 

20 based on the value of the first indicator during a 
preceding interval of time. 

3. The apparatus of Claim 1, wherein the first 
indicator for said selected time interval is dependent on a 
variable W, said variable W being a function of (i) the 

25 variable W for a preceding interval of time, (ii) the 
frequency with which the output signal exceeds the 
threshold value during the selected time interval, and 
(iii) a variable Z which is function of the value of the 
first indicator during the preceding interval of time. 

30 4. The apparatus of Claim 3, wherein the value of 

the first indicator for the selected time interval remains 
equal to the value of the first indicator for the 
preceding time interval unless the variable W is outside 
of a predetejnnined range, said predetermined range being a 

35 function of the value of the first indicator S for the 
preceding time interval. 



wo 92/1 1803 PCT/US92/00298 



- 23 - 



5. The apparatus of Claim 1, wherein said signal 
processing device additionally comprises second signal 
processing means for generating a second indicator signal. 

6. The apparatus of Claim 5, wherein said signal 
5 processing device additionally comprises third signal 

processing means for generating a third indicator. 

7. The apparatus of Claim 6, additionally comprising 
means for sensing said first, second, and third indicators 
and responsively generating a display signal. 

10 B. The apparatus of Claim 7, wherein said display 

signal has a value corresponding to the highest of said 
first, second, or third indicators. 

9. The apparatus of Claim 5, wherein said second 
signal processing means monitors the magnitude of 

15 variations in said output signal caused by pulsatile blood 
flow through said blood vessel. 

10. The apparatus of Claim 6, wherein said third 
signal processing means monitors the amplitude of said 
output signal. 

20 11. A cardiopulmonary monitoring apparatus for 

connection to a catheter having fiber optics which transmit 
optical signals to and from the interior of a blood vessel, 
said monitoring apparatus comprising: 

a detector for detecting an optical signal 
25 transmitted from said blood vessel and generating an 

output signal in response thereto, said output signal 
having a waveform; 

means for recursively generating a variable 
indicative of a characteristic of said waveform; and 
30 means for generating an indicator based on said 

variable. 

12. The apparatus of claim 11, wherein said waveform 
characteristic comprises spikes in said waveform. 

13. A method of monitoring an optical signal from a 
35 cardiopulmonary catheter, comprising: 

detecting said optical signal and generating a 
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vavefoxn in response thereto; 

monitoring spikes in said waveform during a first 

time interval; 

monitoring spikes in said waveform during a 

5 second interval; and 

utilizing the results of steps (b) and (c) to 

generate an indicator. 

14. The method of Claim 13, additionally comprising 
the step of comparing the indicator with another indicator 

10 and generating a display signal based on the results of the 
comparison. 

15. The method of Claim 14, wherein the display 
signal has a value corresponding to the value of the 
highest of said indicators. 



15 
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